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(57) ABSTRACT

A semiconductor element having high mobility, which
includes an oxide semiconductor layer having crystallinity, is
provided. The oxide semiconductor layer includes a stacked-
layer structure of a first oxide semiconductor film and a sec-
ond oxide semiconductor film having a wider band gap than
the first oxide semiconductor film, which is in contact with
the first oxide semiconductor film. Thus, a channel region is
formed in part of the first oxide semiconductor film (that is, in
an oxide semiconductor film having a smaller band gap)
which is in the vicinity of an interface with the second oxide
semiconductor film. Further, dangling bonds in the first oxide
semiconductor film and the second oxide semiconductor film
are bonded to each other at the interface therebetween.
Accordingly, a decrease in mobility resulting from an elec-
tron trap or the like due to dangling bonds can be reduced in
the channel region.
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OXIDE SEMICONDUCTOR ELEMENT AND
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an oxide semiconductor
element and a semiconductor device.

2. Description of the Related Art

Semiconductor elements (hereinafter referred to as silicon
semiconductor elements) such as transistors using silicon for
semiconductor layers are used for a variety of semiconductor
devices and have become essential technologies for manufac-
turing semiconductor devices. In order to manufacture large
semiconductor devices, a method using a material which is
suitable for increasing in size, for example, glass or the like,
for a substrate, and thin-film silicon for a semiconductor
layer, which can be formed over a large area has been widely
employed.

In such semiconductor elements using thin-film silicon,
semiconductor layers need to be formed at temperatures less
than or equal to the upper temperature limits of substrates.
Thus, amorphous silicon and polysilicon which can be
formed at relatively low temperatures are widely used.

Amorphous silicon has advantages of being able to be
deposited over a large area and allowing semiconductor ele-
ments having uniform element characteristics to be manufac-
tured by a simple process at relatively low cost; thus, amor-
phous silicon has been widely used for semiconductor
devices with a large area, such as solar batteries. Meanwhile,
amorphous silicon has a disadvantage of low electron mobil-
ity due to the fact that an amorphous structure causes a scat-
tering of electrons at grain boundaries.

In order to make up for the disadvantage, polysilicon,
whose mobility is improved by irradiating amorphous silicon
with laser or the like to be locally dissolved and recrystallized,
or by crystallization using a catalytic element, is widely used
in semiconductor devices such as liquid crystal displays in
which both large area and high carrier mobility need to be
achieved.

In addition, in recent years, oxide semiconductors that are
metal oxides having semiconductor characteristics have
attracted attention as novel semiconductor layer materials
having high mobility, which is an advantage of polysilicon,
and a uniform element characteristic, which is an advantage
of amorphous silicon.

As semiconductor elements (hereinafter referred to as
oxide semiconductor elements) such as transistors using
oxide semiconductors as semiconductor layers, for example,
as in Patent Documents 1 and 2, a thin film transistor manu-
factured using tin oxide, indium oxide, zinc oxide, or the like
has been proposed.

As described above, oxide semiconductor elements have a
variety of advantages. However, since a phenomenon in
which the threshold voltage is changed due to light irradiation
occurs, there is a problem in reliability. In recent years, it has
been discussed that oxygen deficiency or hydrogen in oxide
semiconductor layers affects a change in threshold voltage by
light irradiation.

REFERENCE
Patent Documents

[Patent Document 1] Japanese Published Patent Application
No. 2007-123861

[Patent Document 2] Japanese Published Patent Application
No. 2007-096055
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2
SUMMARY OF THE INVENTION

As one method for solving the problem, there is a method
in which an oxide semiconductor layer is heated for crystal-
lization. In a crystallized oxide semiconductor layer, a bond
between a metal atom and an oxygen atom is more orderly
than in an amorphous oxide semiconductor layer, and the
coordination numbers of oxygen atoms around a metal atom
are substantially the same. Thus, microscopic oxygen defects
can be reduced. Further, heat treatment for crystallization
makes it possible to desorb hydrogen from the inside of oxide
semiconductors and reduce the hydrogen concentration in the
oxide semiconductor layer. Therefore, a change in threshold
voltage by light irradiation can be reduced.

However, there are a number of dangling bonds on the
surfaces of crystallized oxide semiconductor layers. When
channel regions are formed in regions including the surfaces
of the crystallized oxide semiconductor layers containing a
number of dangling bonds, a decrease in mobility resulting
from a carrier trap or the like by dangling bonds occurs.

On the other hand, it is clear that higher mobility of an
oxide semiconductor element is needed in the future.

The present invention is made in view of the foregoing
technical background. Thus, it is an object of one embodi-
ment of the present invention to provide an oxide semicon-
ductor element having high mobility, whose semiconductor
layer includes an oxide semiconductor having crystallinity
and threshold voltage is not changed by light irradiation.

Itis another object of one embodiment of the present inven-
tion to provide a semiconductor device which is manufac-
tured using the oxide semiconductor element for at least one
part and can operate at high speed.

In order to achieve the objects, dangling bonds in a region
where a channel region is formed need to be reduced. Accord-
ingly, in the present invention, oxide semiconductor films
having crystallinity are stacked, whereby dangling bonds in
an oxide semiconductor film are bonded to dangling bonds in
another oxide semiconductor film to reduce dangling bonds at
an interface between the films. Further, the oxide semicon-
ductor films having different values of a band gap are stacked
so that a channel region is formed in a region including the
interface in which dangling bonds are reduced. Specifically,
used is a layer having a stacked-layer structure of a first oxide
semiconductor film and a second oxide semiconductor film
which is in contact with the first oxide semiconductor film and
has a wider band gap than the first oxide semiconductor film,
as an oxide semiconductor layer.

As described above, the first oxide semiconductor film and
the second oxide semiconductor film having a wider band gap
than the first oxide semiconductor film are formed to be in
contact with each other, whereby a channel region is formed
in part of the first oxide semiconductor film (i.e., an oxide
semiconductor film having a smaller band gap) which is in the
vicinity of an interface with the second oxide semiconductor
film.

Accordingly, a decrease in mobility resulting from an elec-
tron trap or the like due to dangling bonds can be reduced in
the channel region formed in part of the first oxide semicon-
ductor film which is in the vicinity of an interface with the
second oxide semiconductor film. Thus, an oxide semicon-
ductor element having high mobility, in which the threshold
voltage is not changed by light irradiation can be provided.
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Further, with the use of the oxide semiconductor element
having the above characteristics for at least one part, a semi-
conductor device which can operate at high speed can be
provided.

One embodiment of the present invention is an oxide semi-
conductor element including an oxide semiconductor layer
formed over an insulating surface, a gate insulating layer
formed over the oxide semiconductor layer, a gate electrode
formed in a region overlapping with the oxide semiconductor
layer with the gate insulating layer provided therebetween,
and a pair of source and drain electrodes each of which is
electrically connected to the oxide semiconductor layer. The
oxide semiconductor layer has a stacked-layer structure of a
first oxide semiconductor film and a second oxide semicon-
ductor film, and the first oxide semiconductor film and the
second oxide semiconductor film have crystallinity. The sec-
ond oxide semiconductor film is sandwiched between the
gate insulating layer and the first oxide semiconductor film, in
a gap between the source and drain electrodes. The gap
between the source and drain electrodes overlaps with the
gate electrode. A value of a band gap of the first oxide semi-
conductor film is smaller than that of the second oxide semi-
conductor film.

According to the above embodiment of the present inven-
tion, a channel region is formed in a region with less dangling
bonds, which is in the first oxide semiconductor film and is in
the vicinity of an interface with the second oxide semicon-
ductor film. Thus, an oxide semiconductor element having
high mobility, in which the threshold voltage is not changed
by light irradiation can be provided.

One embodiment of the present invention is an oxide semi-
conductor element including a gate electrode formed over an
insulating surface, a gate insulating layer formed over the gate
electrode, an oxide semiconductor layer formed over the gate
insulating layer, and a pair of source and drain electrodes each
of'which is electrically connected to the oxide semiconductor
layer. The oxide semiconductor layer has a stacked-layer
structure of a first oxide semiconductor film and a second
oxide semiconductor film, and the first oxide semiconductor
film and the second oxide semiconductor film have crystal-
linity. The second oxide semiconductor film is sandwiched
between the gate insulating layer and the first oxide semicon-
ductor film in a gap between the source and drain electrodes.
The gap between the source and drain electrodes overlaps
with the gate electrode. A value of a band gap of the first oxide
semiconductor film is smaller than that of the second oxide
semiconductor film.

According to the above embodiment of the present inven-
tion, a channel region is formed in a region with less dangling
bonds, which is in the first oxide semiconductor film and is in
the vicinity of an interface with the second oxide semicon-
ductor film. Thus, an oxide semiconductor element having
high mobility, in which the threshold voltage is not changed
by light irradiation can be provided.

One embodiment of the present invention is an oxide semi-
conductor element including an oxide semiconductor layer
one surface of which is in contact with an insulating surface,
a pair of low-resistance regions each of which is in contact
with a side surface of the oxide semiconductor layer and one
surface of each of which is in contact with the insulating
surface, a gate insulating layer which is in contact with
another surface of the oxide semiconductor layer and another
surface of each of the pair of low-resistance regions, a gate
electrode formed in a region overlapping with the oxide semi-
conductor layer with the gate insulating layer provided ther-
ebetween, and a pair of source and drain electrodes each of
which is electrically connected to one of the pair of low-
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resistance regions. The another surface of the oxide semicon-
ductor layer and the another surface of each of the pair of
low-resistance regions are coplanar. The oxide semiconduc-
tor layer has a stacked-layer structure of a first oxide semi-
conductor film and a second oxide semiconductor film, and
the first oxide semiconductor film and the second oxide semi-
conductor film have crystallinity. The second oxide semicon-
ductor film is sandwiched between the gate insulating layer
and the first oxide semiconductor film. A value of a band gap
of'the first oxide semiconductor film is smaller than that of the
second oxide semiconductor film. The resistivity of each of
the pair of the low-resistance regions is higher than or equal to
1x10~* Q-cm and lower than or equal to 3 Q-cm.

According to the above embodiment of the present inven-
tion, a channel region is formed in a region with less dangling
bonds, which is in the first oxide semiconductor film and is in
the vicinity of an interface with the second oxide semicon-
ductor film. Thus, an oxide semiconductor element having
high mobility, in which the threshold voltage is not changed
by light irradiation can be provided.

Further, the source electrode and the drain electrode are in
contact with the low-resistance regions and current in regions
between the source electrode and the channel region, and the
drain electrode and the channel region flows in the low-
resistance region having lower resistivity than the oxide semi-
conductor layer; therefore, a reduction in on-state current can
be suppressed. Thus, an oxide semiconductor element having
a high on-off ratio can be provided.

Furthermore, one embodiment of the present invention is
an oxide semiconductor element in which a value of a band
gap of a second oxide semiconductor film is larger by 0.2 eV
or more than that of a first oxide semiconductor film.

According to the above embodiment of the present inven-
tion, leakage current which flows in a region other than a
channel region can be suppressed, whereby power consump-
tion of an oxide semiconductor element can be reduced.

Moreover, one embodiment of the present invention is a
semiconductor device in which the oxide semiconductor ele-
ment is used for at least one part.

According to the above embodiment of the present inven-
tion, a semiconductor device which can operate at high speed
can be provided.

When “B is formed on A” or “B is formed over A” is
explicitly described in this specification or the like, it does not
necessarily mean that B is formed in direct contact with A.
The expression includes the case where A and B are not in
direct contact with each other, that is, the case where another
object is provided between A and B. Here, each of A and B
corresponds to an object (e.g., a device, an element, a circuit,
a wiring, an electrode, a terminal, a film, or a layer).

Thus, for example, when it is explicitly described that a
layer B is formed on or over a layer A, it includes both the case
where the layer B is formed in direct contact with the layer A
and the case where another layer (e.g., a layer C or a layer D)
is formed in direct contact with the layer A and the layer B is
formed in direct contact with the another layer. Note that the
another layer (e.g., the layer C or the layer D) may be a single
layer or a plurality of layers.

Further, in this specification or the like, the ordinal num-
bers such as “first” and “second” are given for convenience to
distinguish elements, and not given to limit the number, the
arrangement, and the order of the steps.

According to one embodiment of the present invention, an
oxide semiconductor element having high mobility, whose
semiconductor layer includes an oxide semiconductor having
crystallinity and threshold voltage is not changed by light
irradiation can be provided.
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Further, according to one embodiment of the present inven-
tion, a semiconductor device which can operate at high speed
can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompany drawings:

FIGS. 1A and 1B are views illustrating a structure of an
oxide semiconductor element described in Embodiment 1;

FIGS. 2A to 2E are views illustrating a method for manu-
facturing an oxide semiconductor element described in
Embodiment 1;

FIGS. 3A to 3D are views illustrating a method for manu-
facturing an oxide semiconductor element described in
Embodiment 1;

FIGS. 4A t0 4C are views illustrating a method for forming
an oxide semiconductor layer described in Embodiment 2;

FIGS.5A to 5C are views illustrating a method for forming
an oxide semiconductor layer described in Embodiment 3;

FIGS. 6A and 6B are views illustrating a structure of an
oxide semiconductor element described in Embodiment 4;

FIGS. 7A to 7C are views illustrating a method for manu-
facturing an oxide semiconductor element described in
Embodiment 4;

FIGS. 8A and 8B are views illustrating a structure of an
oxide semiconductor element described in Embodiment 5;

FIGS. 9A to 9D are views illustrating a method for manu-
facturing an oxide semiconductor element described in
Embodiment 5;

FIGS. 10A and 10B are views illustrating a method for
manufacturing an oxide semiconductor element described in
Embodiment 5;

FIGS. 11A to 11C are examples of semiconductor devices
described in Embodiment 6; and

FIG. 12 is a band diagram.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments will be described in detail with reference to
the drawings. However, the present invention is not limited to
the following description and a variety of changes for the
modes and details thereof will be apparent to those skilled in
the art unless such changes depart from the spirit and the
scope of the invention. The present invention should not be
construed as being limited to the following description. In the
structures of the invention to be given below, the same por-
tions or portions having similar functions are denoted by the
same reference numerals in different drawings, and explana-
tion thereof will not be repeated.

Embodiment 1

In this embodiment, a method for manufacturing an oxide
semiconductor element according to one embodiment of the
disclosed invention will be described with reference to FIGS.
1A and 1B, FIGS. 2A to 2E, and FIGS. 3A to 3D.
<Method for Manufacturing Oxide Semiconductor Element
in Embodiment 1>

FIGS. 1A and 1B are views illustrating a top-gate transistor
120 which is an example of a structure of a semiconductor
device manufactured by a method in this embodiment. FIGS.
1A and 1B are a top view and a cross-sectional view of the
transistor 120, respectively. Note that some components (a
substrate 100, for example) are omitted in FIG. 1A to avoid
complication. Although a method for manufacturing an
n-channel transistor whose carriers are electrons will be
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6

described as the transistor 120 in this embodiment, the tran-
sistor 120 is not limited to the n-channel transistor.

A method for manufacturing the transistor 120 will be
described below with reference to FIGS. 2A to 2E and FIGS.
3Ato 3D.

First, an insulating layer 102 is formed over the substrate
100 and then a first oxide semiconductor film 104 is formed
(see FIG. 2A).

Any substrate can be used as the substrate 100 as long as the
substrate has an insulating surface. For example, a non-alkali
glass substrate such as an aluminosilicate glass substrate, an
aluminoborosilicate glass substrate, or a barium borosilicate
glass substrate can be used. Such a glass substrate is suitable
for increasing in size, so that glass substrates of G10 size
(2850 mmx3050 mm), G11 size (3000 mmx3320 mm), and
the like are manufactured; thus, the semiconductor device
according to one embodiment of the present invention can be
mass-produced at low cost. Alternatively, as the substrate
100, an insulating substrate formed using an insulator, such as
a quartz substrate or a sapphire substrate; a semiconductor
substrate which is formed using a semiconductor material
such as silicon, whose surface is covered with an insulating
material; or a conductive substrate which is formed using a
conductor such as metal or stainless steel, whose surface is
covered with an insulating material can be used.

As the insulating layer 102 which prevents diffusion of
impurities from the substrate 100, a silicon oxide film, a
silicon nitride film, a silicon oxynitride film, a silicon nitride
oxide film, an aluminum oxide film, a hafthium oxide film, a
tantalum oxide film, or the like may be formed by a CVD
method, a sputtering method, or the like. Note that the insu-
lating layer 102 may have a single-layer structure or a
stacked-layer structure. In the case of a stacked-layer struc-
ture, the above films may be combined to form the insulating
layer 102.

The insulating layer 102 is preferably formed using an
oxide insulating film from which some contained oxygen is
desorbed by heating. An oxide insulating film which contains
oxygen at an amount exceeding the amount of oxygen in its
stoichiometric composition is preferably used as the oxide
insulating film from which some contained oxygen is des-
orbed by heating. Oxygen can be diffused from the oxide
insulating film into the oxide semiconductor film by heat
treatment in the state where the oxide insulating film is in
contact with the oxide semiconductor film. When oxygen
desorbed from the insulating layer 102 is diffused into the
oxide semiconductor film, an interface state between the insu-
lating layer 102 and the first oxide semiconductor film 104
can be reduced. As a result, electric charge or the like which
may be produced due to an operation of a transistor or the like
can be prevented from being trapped at the interface between
the insulating layer 102 and the first oxide semiconductor film
104. Consequently, field effect mobility of the transistor can
be improved. Inaddition, variation and a change in the thresh-
old voltage can be reduced. Examples of the oxide insulating
film from which some contained oxygen is desorbed by heat-
ing include films of silicon oxide, silicon oxynitride, silicon
nitride oxide, gallium oxide, hafnium oxide, yttrium oxide,
and the like.

Here, the “oxide insulating film from which some con-
tained oxygen is desorbed by heating” means a film in which
the released amount of oxygen which is converted to oxygen
atoms is greater than or equal to 1.0x10'® atoms/cm?®, prefer-
ably greater than or equal to 3.0x10%° atoms/cm® in thermal
desorption spectroscopy (TDS) analysis.

There is no particular limitation on the thickness of the
insulating layer 102; the insulating layer 102 preferably has a
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thickness of greater than or equal to 10 nm and less than or
equal to 500 nm, for example. When the insulating layer 102
has a thickness of less than 10 nm, the insulating layer 102
might not be formed in some regions because of thickness
distribution within a substrate surface due to a deposition
apparatus. Moreover, the insulating layer 102 having a thick-
ness of greater than 500 nm is not preferable in terms of
deposition time and a manufacturing cost. Note that a struc-
ture without the insulating layer 102 can also be employed.

The first oxide semiconductor film 104 is in a single crystal
state, a polycrystalline (also referred to as polycrystal) state,
an amorphous state, or the like.

The first oxide semiconductor film 104 is preferably a
CAAC-OS (c-axis aligned crystalline oxide semiconductor)
film.

The CAAC-OS film is not completely single crystal nor
completely amorphous. The CAAC-OS film is an oxide semi-
conductor film with a crystal-amorphous mixed phase struc-
ture where crystal portions and amorphous portions are
included in an amorphous phase. Note that in most cases, the
crystal portion fits inside a cube whose one side is less than
100 nm. From an observation image obtained with a trans-
mission electron microscope (TEM), a boundary between an
amorphous portion and a crystal portion in the CAAC-OS
film is not clear. Further, with the TEM, a grain boundary in
the CAAC-OS film is not found. Thus, in the CAAC-OS film,
a reduction in electron mobility, due to the grain boundary, is
suppressed.

In each of the crystal portions included in the CAAC-OS
film, a c-axis is aligned in a direction parallel to a normal
vector of a surface where the CAAC-OS film is formed or a
normal vector of a surface of the CAAC-OS film, triangular or
hexagonal atomic arrangement when seen from a direction
perpendicular to the a-b plane is formed, and metal atoms are
arranged in a layered manner or metal atoms and oxygen
atoms are arranged in a layered manner when seen from a
direction perpendicular to the c-axis. Note that, among crystal
portions, directions of the a-axis and directions of the b-axis
may be different from those of another crystal portion. In this
specification, a simple term “perpendicular” includes a range
from 85° to 95°.

Inthe CAAC-OS film, distribution of crystal portions is not
necessarily uniform. For example, in the formation process of
the CAAC-OS film, in the case where crystal growth occurs
from a surface side of the oxide semiconductor film, the
proportion of crystal portions in the vicinity of the surface of
the oxide semiconductor film is higher than that in the vicinity
of the surface where the oxide semiconductor film is formed
in some cases. Further, when an impurity is added to the
CAAC-OS film, the crystal portion in a region to which the
impurity is added becomes amorphous in some cases.

Since the c-axes of the crystal portions included in the
CAAC-OS film are aligned in the direction parallel to a nor-
mal vector of a surface where the CAAC-OS film is formed or
a normal vector of a surface of the CAAC-OS film, the direc-
tions of the c-axes may be different from each other depend-
ing on the shape of the CAAC-OS film (the cross-sectional
shape of the surface where the CAAC-OS film is formed or
the cross-sectional shape of the surface of the CAAC-OS
film). Note that in the case where the CAAC-OS film is
processed (in the case of forming an island-shaped semicon-
ductor layer, for example), the direction of c-axis of the crys-
tal portion is the direction parallel to a normal vector of the
surface where the CAAC-OS film is formed or a normal
vector of the surface of the CAAC-OS film. The crystal por-
tion is formed by deposition or by performing treatment for
crystallization such as heat treatment after deposition.
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With use of the CAAC-OS film in a transistor, change in
electric characteristics of the transistor due to irradiation with
visible light or ultraviolet light can be reduced.

An oxide semiconductor to be used for the first oxide
semiconductor film 104 preferably contains at least indium
(In) or zinc (Zn). In particular, both In and Zn are preferably
contained. As a stabilizer for reducing variation in electric
characteristics of a transistor using the oxide semiconductor,
it is preferable to further contain gallium (Ga). Tin (Sn) is
preferably contained as the stabilizer. It is preferable that one
or more selected from hathium (Hf), zirconium (Zr), titanium
(Ti), scandium (Sc), and yttrium (Y) as the stabilizer. As
another stabilizer, one or more lanthanoids which include
lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu) may be
contained.

As the oxide semiconductor, for example, any of the fol-
lowing can be used: indium oxide; tin oxide; zinc oxide; a
two-component metal oxide such as an In—Zn-based oxide,
a Sn—7n-based oxide, an Al—Z/n-based oxide, a Zn—Mg-
based oxide, a Sn—Mg-based oxide, an In—Mg-based
oxide, or an In—Ga-based oxide; a three-component metal
oxide such as an In—Ga—Z7n-based oxide (also referred to as
1GZ0), an In—Al—Zn-based oxide, an In—Sn—Zn-based

oxide, a Sn—Ga—~Zn-based oxide, an Al-—Ga—Zn-based
oxide, a Sn—Al—Zn-based oxide, an In—Hf—Zn-based
oxide, an In—Zr—Z7n-based oxide, an In—Ti—Zn-based
oxide, an In—Sc—Zn-based oxide, an In—Y—Zn-based
oxide, an In—La—Zn-based oxide, an In—Ce—Zn-based
oxide, an In—Pr—Zn-based oxide, an In—Nd—Zn-based
oxide, an In—Sm-—Zn-based oxide, an In—FEu—Zn-based
oxide, an In—Gd—~Zn-based oxide, an In—Tb—Zn-based
oxide, an In—Dy—Z7n-based oxide, an In—Ho—Zn-based
oxide, an In—FEr—Zn-based oxide, an In—Tm—Zn-based
oxide, an In—Yb—Zn-based oxide, or an In—Lu—Zn-

based oxide; and a four-component metal oxide such as an
In—Sn—Ga—Zn-based oxide, an In—Hf—Ga—Zn-based
oxide, an In—Al—Ga—Zn-based oxide, an In—Sn—Al—
Zn-based oxide, an In—Sn—Hf—Zn-based oxide, or an
In—Hf—Al—Zn-based oxide.

Here, an “In—Ga—Zn-based oxide” means an oxide con-
taining In, Ga, and Zn as its main components and there is no
particular limitation on the ratio of In:Ga:Zn. The In—Ga—
Zn-based oxide may contain a metal element other than In,
Ga, and Zn.

Alternatively, a material represented by InMO;(Zn0O),,
(m>0 is satisfied, and m is not an integer) may be used for the
oxide semiconductor. Note that M represents one or more
metal elements selected from Ga, Fe, Mn, and Co, or the
above-described element as a stabilizer. Further alternatively,
a material represented by In,SnO4(Zn0), (n>0 is satisfied,
and n is an integer) may be used for the oxide semiconductor.

As an example, an In—Ga—Zn-based oxide target having
a composition ratio where In:Ga:Zn=1:1:1 (=V5:Y5:%5),
In:Ga:Zn=2:2:1 (34:%4:15), or In:Ga:Zn=3:1:2 (=2:Y6:14) in
an atomic ratio, or an oxide target with an atomic ratio close
to the above ratios can be used. Alternatively, an In—Sn—
Zn-based oxide target having a composition ratio where
In:Sn:Zn=1:1:1 (=V5:Y5:%4), In:Sn:Zn=2:1:3 (V5:Y%6:1%), or
In:Sn:Zn=2:1:5 (=V:%:%4) in an atomic ratio, or an oxide
target with an atomic ratio close to the above ratios may be
used.

However, the composition of the oxide semiconductor con-
taining at least indium (In) or zinc (Zn) is not limited to those
described above, and a material having an appropriate com-
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position may be used depending on necessary semiconductor
characteristics (e.g., mobility, threshold voltage, and varia-
tion). In order to obtain necessary semiconductor character-
istics, it is preferable that the carrier concentration, the impu-
rity concentration, the defect density, the atomic ratio of a
metal element to oxygen, the interatomic distance, the den-
sity, and the like be set to be appropriate. For example, high
mobility can be obtained relatively easily in the case of using
an In—Sn—7n-based oxide. However, mobility can be
increased by reducing the defect density in a bulk also in the
case of using an In—Ga—Zn-based oxide.

The relative density of an oxide semiconductor in a target
is greater than or equal to 80%, preferably greater than or
equal to 95%, further preferably greater than or equal to
99.9%. With the use of an oxide semiconductor target with
high relative density, a dense film is formed.

A sputtering gas used for deposition of the first oxide
semiconductor film 104 contains at least nitrogen or phos-
phorus. The sputtering gas may contain a rare gas (typically
argon), oxygen, or a mixed gas of a rare gas and oxygen, in
addition to nitrogen and phosphorus. In addition, it is prefer-
able to use a high-purity gas in which impurities such as
hydrogen, water, a hydroxyl group, or hydride are reduced to
such a degree that the concentration thereof can be expressed
by the unit ppm (preferably, ppb). In this embodiment, depo-
sition is performed while nitrogen used as a sputtering gas is
introduced into a sputtering apparatus at a flow rate of 40
scem.

With the use of a gas containing at least nitrogen or phos-
phorus as a sputtering gas, a value of a band gap of the first
oxide semiconductor film 104 can be reduced by first heat
treatment performed in a later step, as compared with the case
of using a sputtering gas containing neither nitrogen nor
phosphorus. For example, as shown in Table 1, according to
an experiment, in the case of deposition using a metal oxide
target where In,05:Ga,0;:Zn0=1:1:2 [molar ratio], a value
of a band gap of a film formed by the deposition with an
oxygen flow rate of 40 sccm is 3.2 eV, whereas a value of a
band gap of a film formed by the deposition with a nitrogen

flow rate of 40 sccm is 1.8 eV.
TABLE 1
Deposition Gas
Deposition Target 0,: N»:
(molar ratio) 40 scem 40 scem
In,05:Ga,05:Zn0 = 1:1:2 32eV 1.8eV
In,0;, 3.0eV 1.7eV
In,0;5:5n0, = 83:17 3.0eV 1.7eV
In,0;5:Ga,053 =1:1 33eV 22eV
In,05:Zn0 = 1:1 2.7eV l1.6eV
SnoO, 33eV 23eV

<Same Deposition Conditions>

Distance between Target and Substrate: 60 mm
Deposition Pressure: 0.4 Pa

Deposition Power: 500 W

Substrate Temperature: 400° C.

At the time of forming the first oxide semiconductor film
104, for example, the substrate is held in a treatment chamber
that is maintained at reduced pressure, and the substrate is
heated to a temperature higher than or equal to 100° C. and
lower than or equal to 600° C., preferably higher than or equal
to 200° C. and lower than or equal to 400° C. Then, a high-
purity gas from which impurities such as hydrogen, water, a
hydroxyl group, and hydride are removed is introduced while
moisture remaining in the treatment chamber is removed, and
the first oxide semiconductor film 104 is formed using a metal
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oxide as a target. By forming the first oxide semiconductor
film 104 while the substrate 100 is maintained at high tem-
peratures, it is possible to reduce the hydrogen concentration
in the first oxide semiconductor film 104. In addition, the first
oxide semiconductor film 104 can be a CAAC-OS film by
heating the substrate to a temperature in the above range
during formation of the first oxide semiconductor film 104.

A CAAC-OS film can be formed by the following three
types of methods. The first method is to form the first oxide
semiconductor film 104 at a temperature higher than or equal
to 200° C. and lower than or equal to 450° C. The second
method is to form a thin (e.g., about several nm) oxide semi-
conductor film and then perform heat treatment at a tempera-
ture higher than or equal to 200° C. and lower than or equal to
700° C. The third method is to form a thin (e.g., about several
nm) oxide semiconductor film, perform heat treatment at a
temperature higher than or equal to 200° C. and lower than or
equal to 700° C., and form another oxide semiconductor film.
In this embodiment, the second method is used for forming
the first oxide semiconductor film 104.

As a target, for example, any of the following can be used:
indium oxide; tin oxide; zinc oxide; a two-component metal
oxide such as an In—Zn-based oxide, a Sn—Zn-based oxide,
an Al—Zn-based oxide, a Zn—Mg-based oxide, a Sn—Mg-
based oxide, an In—Mg-based oxide, or an In—Ga-based
oxide; a three-component metal oxide such as an In—Ga—
Zn-based oxide, an In—Al—Zn-based oxide, an In—Sn—
Zn-based oxide, a Sn—Ga—Zn-based oxide, an Al—Ga—
Zn-based oxide, a Sn—Al—Zn-based oxide, an In—Hf—
Zn-based oxide, an In—Zr—Zn-based oxide, an In—La—
Zn-based oxide, an In—Ce—Zn-based oxide, an In—Pr—
Zn-based oxide, an In—Nd—Zn-based oxide, an In—Sm—
Zn-based oxide, an In—Fu—Zn-based oxide, an In—Gd—
Zn-based oxide, an In—Tb—Z/n-based oxide, an In—Dy—
Zn-based oxide, an In—Ho—Zn-based oxide, an In—Fr—
Zn-based oxide, an In—Tm—Zn-based oxide, an In—Yb—
Zn-based oxide, or an In—Lu—Zn-based oxide; and a four-
component metal oxide such as an In—Sn—Ga—Zn-based
oxide, an In—Hf—Ga—Zn-based oxide, an In—Al—Ga—
Zn-based oxide, an In—Sn—Al—Zn-based oxide, an
In—Sn—Hf—Zn-based oxide, or an In—Hf—Al—Zn-
based oxide.

As an example of the target, a metal oxide target containing
In, Ga, and Zn has a composition ratio where In,0,:Ga,0;:
Zn0O=1:1:1[molar ratio]. Alternatively, a target having a com-
position ratio where In,0,:Ga,0;:Zn0O=1:1:2 [molarratio], a
target having a composition ratio where In,0;:Ga,0;:
Zn0O=1:1:4 [molar ratio], or a target having a composition
ratio where In,0;:Ga,0;:Zn0=2:1:8 [molar ratio] can be
used. Further alternatively, a target having a composition ratio
where In,0;:Zn0=25:1 to 1:4 [molar ratio| can be used.

Preheat treatment may be performed before the deposition
of the first oxide semiconductor film 104, in order to remove
moisture and the like which remains in the sputtering appa-
ratus. For the preheat treatment, a method in which the inside
of the treatment chamber is heated to a temperature higher
than or equal to 200° C. and lower than or equal to 600° C.
under reduced pressure, a method in which introduction and
removal of nitrogen or an inert gas are repeated while the
inside of the treatment chamber is heated, and the like can be
given. After the preheat treatment, the substrate or the sput-
tering apparatus is cooled. After that, the first oxide semicon-
ductor film 104 is deposited without exposure to the air. In this
case, not water but oil or the like is preferably used as a
coolant for the target. Although a certain level of effect can be
obtained when introduction and removal of nitrogen are
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repeated without heating, it is more preferable to perform the
treatment with the inside of the treatment chamber heated.

For removing moisture and the like which remain in the
sputtering apparatus before, during, or after the deposition of
the first oxide semiconductor film 104, an entrapment
vacuum pump is preferably used for a vacuum pump provided
for the treatment chamber. For example, a cryopump, an ion
pump, a titanium sublimation pump, or the like may be used.
Alternatively, a turbo pump provided with a cold trap may be
used. Since hydrogen, water, and the like are removed from
the treatment chamber which is removed with any of the
above pumps, the impurity concentration in the first oxide
semiconductor film 104 can be reduced.

For example, the first oxide semiconductor film 104 can be
formed under the following conditions: a sputtering appara-
tus is used, the target is a metal oxide target having a compo-
sition ratio where In,05:Ga,0;:Zn0=1:1:2 [molar ratio], the
distance between the target and the substrate is 170 mm, the
pressure is 0.4 Pa, the direct current (DC) power is 0.5 kW,
and the atmosphere is a mixed atmosphere of nitrogen and
oxygen (e.g., the flow rate of nitrogen is 50%). Note that a
pulse direct current (DC) power source is preferably used
because particles can be reduced and the film thickness can be
uniform. An appropriate thickness differs depending on the
oxide semiconductor material to be used, the usage, or the
like; thus, the thickness may be determined as appropriate in
accordance with the material, the usage, or the like.

Then, the firstheat treatment is performed on the first oxide
semiconductor film 104 after the film is formed to make the
first oxide semiconductor film 104 a CAAC-OS film. Impu-
rities such as water (including a hydroxyl group) and hydro-
gen in the first oxide semiconductor film 104 can be removed
by the heat treatment.

The first heat treatment may be performed in an atmo-
sphere selected from nitrogen, a rare gas, oxygen, a mixed gas
of'nitrogen or a rare gas and oxygen, and dry air. The first heat
treatment is performed at a temperature higher than or equal
to 400° C. and lower than or equal to 800° C., preferably
higher than or equal to 550° C. and lower than or equal to 750°
C. In addition, heating time is longer than or equal to 1 minute
and shorter than or equal to 24 hours. In this embodiment, as
the first heat treatment, heat treatment is performed in a
nitrogen atmosphere at 700° C. for one hour, whereby dehy-
dration or dehydrogenation is performed. After that, the
atmosphere is changed to an oxygen atmosphere to supply
oxygen to the inside of the oxide semiconductor film, so that
oxygen defects generated by the removal of water, hydrogen,
and the like can be filled. Thus, the first oxide semiconductor
film 104 can be made to be i-type or substantially i-type.

Note that it is preferable that impurities such as hydrogen,
water, a hydroxyl group, and hydride be not contained in
nitrogen, oxygen, or a rare gas such as helium, neon, or argon
which is used in the first heat treatment. Alternatively, it is
preferable that the purity of nitrogen, oxygen, or a rare gas
such as helium, neon, or argon which is introduced to a heat
treatment apparatus be 6N (99.9999%) or higher, preferably
7N (99.99999%) or higher (that is, the impurity concentration
is 1 ppm or lower, preferably 0.1 ppm or lower). The first heat
treatment may be performed in an ultra-dry air with the water
concentration of 20 ppm or lower, preferably in an ultra-dry
air with the water concentration of 1 ppm or lower. By such
first heat treatment, water (including a hydroxyl group),
hydrogen, and the like contained in the first oxide semicon-
ductor film can be removed.

Note that the heat treatment apparatus used for the first heat
treatment is not limited to a particular apparatus, and an
apparatus or the like for heating an object to be processed by
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thermal conduction or thermal radiation from a heater such as
a resistance heater can be used. For example, an electric
furnace, or a rapid thermal annealing (RTA) apparatus such as
a gas rapid thermal annealing (GRTA) apparatus or a lamp
rapid thermal annealing (LRTA) apparatus can be used. An
LRTA apparatus is an apparatus for heating an object to be
processed by radiation of light (an electromagnetic wave)
emitted from a lamp such as a halogen lamp, a metal halide
lamp, a xenon arc lamp, a carbon arc lamp, a high pressure
sodium lamp, or a high pressure mercury lamp. A GRTA
apparatus is an apparatus for heat treatment using a high-
temperature gas.

The first oxide semiconductor film 104 is made to be a
CAAC-O0S film through the above-described steps, in which
oxygen deficiency is reduced and hydrogen and water are
removed. Although an example of forming a CAAC-OS film
as the first oxide semiconductor film 104 is described in this
embodiment, one embodiment of the present invention is not
limited thereto. Note that it is preferable that the first oxide
semiconductor film 104 be crystallized in the thickness direc-
tion at least 3 nm or more, preferably 5 nm or more from a
surface (i.e., an interface with a second oxide semiconductor
film 106 formed in a later step).

Next, the second oxide semiconductor film 106 is formed
over the first oxide semiconductor film 104 (see FIG. 2B).

The second oxide semiconductor film 106 which is formed
over the first oxide semiconductor film 104 can be formed
using a material similar to the above-described material of the
first oxide semiconductor film 104.

As the second oxide semiconductor film 106 formed here,
it is preferable to use a film having a structure in which one or
both of nitrogen and phosphorus are excluded from elements
included in the first oxide semiconductor film 104. Accord-
ingly, crystal growth in the second oxide semiconductor film
106 can be easily caused using the first oxide semiconductor
film 104 as a seed crystal; thus, lattice constants can be close
to each other (lattice mismatch of less than or equal to 1%,
preferably less than or equal to 0.7%) and dangling bonds at
the interface between the first oxide semiconductor film 104
and the second oxide semiconductor film 106 can be effec-
tively reduced. Note that when the first oxide semiconductor
film 104 and the second oxide semiconductor film 106 have
the same axis orientation and close lattice constants (lattice
mismatch of less than or equal to 1%) in the vicinity of the
interface therebetween, a material (target) different from that
of'the first oxide semiconductor film 104 may be used for the
second oxide semiconductor film 106.

A value of a band gap of the second oxide semiconductor
film 106 needs to be larger by 0.2 eV or more, preferably by
0.4 eV or more than that of the first oxide semiconductor film
104. Further, a conduction band level of the first oxide semi-
conductor film 104 is lower than that of the second oxide
semiconductor film 106. The value of a band gap of the
second oxide semiconductor film 106 is different from that of
the first oxide semiconductor film 104 so that carriers (black
dots in FIG. 12) flow to the first oxide semiconductor film 104
side (i.e., a side of an oxide semiconductor film having a
smaller band gap) in the vicinity of the interface between the
second oxide semiconductor film 106 and the first oxide
semiconductor film 104, as illustrated in a band diagram in
FIG. 12. The kind of a film used as the second oxide semi-
conductor film 106 may be selected as appropriate from films
having a band gap larger than a band gap of'the first semicon-
ductor film 104 by 0.2 eV or more, preferably by 0.4 eV or
more, depending on the value of a band gap of the first oxide
semiconductor film 104.
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In the case of depositing a film having a structure in which
one or both of nitrogen and phosphorus are excluded from
elements included in the first oxide semiconductor film 104 as
the second oxide semiconductor film 106, crystal growth in
the second oxide semiconductor film 106 can be easily caused
using the first oxide semiconductor film 104 as a seed crystal.
In addition, crystal growth using the first oxide semiconduc-
tor film as a seed crystal is suitable for the application to
power devices or the like since the thickness can be increased
substantially in the above case. Further, favorable interface
characteristics such as adhesiveness or favorable electrical
characteristics can be obtained.

Inthis embodiment, the target for forming the second oxide
semiconductor film 106 by a sputtering method is a metal
oxide target having a composition ratio where In,0,:Ga,0;:
Zn0=1:1:2 [molar ratio]. Deposition by a sputtering method
may be performed in a manner similar to the deposition of the
first oxide semiconductor film 104 over the substrate 100 with
a rare gas (typically argon), oxygen, or a mixed gas of a rare
gas (typically argon) and oxygen. Note that it is preferable to
use a high-purity gas in which impurities such as hydrogen,
water, a hydroxyl group, or hydride are reduced to such a
degree that the concentration thereof can be expressed by the
unit ppm (preferably, ppb). In this embodiment, deposition is
performed while oxygen used as a sputtering gas is intro-
duced into a sputtering apparatus at a flow rate of 40 sccm.

Then, second heat treatment similar to that performed on
the first oxide semiconductor film 104 is performed on the
second oxide semiconductor film 106 so that the second oxide
semiconductor film 106 is made to be a CAAC-OS film in
which oxygen deficiency is reduced and hydrogen and water
are removed.

The second heat treatment is performed under a condition
including one or more combinations of a temperature and an
atmosphere where the temperature is selected from 400° C. to
800° C. inclusive and the atmosphere is selected from nitro-
gen, a rare gas, oxygen, a mixed gas of nitrogen or a rare gas
and oxygen, and dry air. Heating time for crystallization of the
second oxide semiconductor film is longer than or equal to 1
minute and shorter than or equal to 24 hours. In the case of
using a heat treatment apparatus such as an electric furnace,
the heating time is preferably longer than or equal to 5 hours
and shorter than or equal to 20 hours, typically 10 hours. In
the case of using an apparatus capable of rapid heating, such
as an RTA apparatus, the heating time is longer than or equal
to 1 minute and shorter than or equal to 30 minutes, preferably
longer than or equal to 1 minute and shorter than or equal to
10 minutes, typically 5 minutes.

Note that in this embodiment, the second heat treatment
includes two steps: a first step for promoting crystallization
and dehydration or dehydrogenation of the second oxide
semiconductor film 106, and a second step for filling oxygen
defects in the crystallized second oxide semiconductor film
106. In this case, the first step is preferably performed at a
temperature higher than or equal to 550° C. and lower than or
equal to 800° C., further preferably higher than or equal to
600° C. and lower than or equal to 750° C.; and the second
step is preferably performed at a temperature higher than or
equal to 400° C. and lower than or equal to 600° C., further
preferably higher than or equal to 450° C. and lower than or
equal to 550° C.

In the first step, heat treatment is performed in a nitrogen
atmosphere at 650° C. for 6 minutes with an RTA apparatus.
Inthe second step, heat treatment is performed in a mixed gas
atmosphere of oxygen and nitrogen at 450° C. for 60 minutes.
The number of steps is not limited to two and may be
increased in accordance with the conditions which can be
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adjusted as appropriate. For example, a condition for the first
step and a condition for the second step may be repeatedly
employed. Note that since high-temperature heat treatment in
a nitrogen or rare gas atmosphere may result in an increase in
oxygen deficiency, the second heat treatment is preferably
finished under a heat treatment condition including an atmo-
sphere containing oxygen. In addition, in the heat treatment in
an atmosphere containing oxygen, the oxygen concentration
in the atmosphere may be increased over heat treatment time.
Further, a gas containing oxygen may be used as the atmo-
sphere in the first step in order to promote crystallization and
dehydration or dehydrogenation as well as to fill oxygen
defects. In this case, the second and later steps may be omit-
ted.

By such heat treatment in an atmosphere containing oxy-
gen at a constant temperature, oxygen is efficiently supplied
to fill oxygen defects in the oxide semiconductor.

Note that also in the second heat treatment, it is preferable
that water, hydrogen, and the like be not contained in nitro-
gen, oxygen, or a rare gas such as helium, neon, or argon.
Alternatively, it is preferable that the purity of nitrogen, oxy-
gen, or a rare gas such as helium, neon, or argon which is
introduced to a heat treatment apparatus be 6N or higher,
preferably 7N or higher. The second heat treatment may be
performed in an ultra-dry air with the water concentration of
20 ppm or lower, preferably in an ultra-dry air with the water
concentration of 1 ppm or lower. By such second heat treat-
ment, oxygen defects in the second oxide semiconductor film
106 can be filled. Thus, the second oxide semiconductor film
106 which is made to be i-type or substantially i-type can be
formed.

The second heat treatment may be performed in such a
manner that the atmosphere in a furnace is a nitrogen atmo-
sphere at the time of increasing the temperature and the atmo-
sphere is an oxygen atmosphere or an atmosphere containing
oxygen at the time of performing cooling. By changing the
atmosphere to an oxygen atmosphere after crystallization and
dehydration or dehydrogenation in a nitrogen atmosphere,
oxygen can be supplied to the second oxide semiconductor
film 106.

In this manner, by the second heat treatment, the second
oxide semiconductor film 106 formed over the first oxide
semiconductor film 104 can be easily crystallized with the use
of the first oxide semiconductor film 104 as a seed crystal.
Further, by the second heat treatment, the first oxide semi-
conductor film 104 can be a crystal film having higher orien-
tation. Note that the second oxide semiconductor film 106 is
not necessarily crystallized in the entire film, and is prefer-
ably crystallized in the thickness direction at least 3 nm or
more, preferably 5 nm or more from the interface with the first
oxide semiconductor film 104.

In the case of a structure in which the first oxide semicon-
ductor film 104 includes an amorphous region in the vicinity
of the interface with the insulating layer 102, by the second
heat treatment, crystal growth is caused from the crystal
region formed on a surface of the first oxide semiconductor
film 104 toward an bottom surface of the first oxide semicon-
ductor film 104 and the amorphous region is crystallized in
some cases. Note that the amorphous region remains in some
cases depending on the material for forming the insulating
layer 102, heat treatment conditions, or the like.

In the case of depositing a film having a structure in which
one or both of nitrogen and phosphorus are excluded from
elements included in the first oxide semiconductor film 104 as
the second oxide semiconductor film 106, crystal growth in
the second oxide semiconductor film 106 formed over the first
oxide semiconductor film 104 is likely to be caused upward
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toward a surface of the second oxide semiconductor film 106
using the first oxide semiconductor film 104 as a seed.

Note that the heat treatment apparatus used for the second
heat treatment can be used under conditions similar to those
of the first heat treatment.

In this manner, the second oxide semiconductor film 106 is
formed on and in contact with the first oxide semiconductor
film 104, whereby dangling bonds in the first oxide semicon-
ductor film 104 and the second oxide semiconductor film 106
are bonded to each other at the interface between the first
oxide semiconductor film 104 and the second oxide semicon-
ductor film 106. Further, with the use of a film having a
structure in which one or both of nitrogen and phosphorus are
excluded from elements included in the first oxide semicon-
ductor film 104 as the second oxide semiconductor film 106
as in this embodiment, crystal growth in the second oxide
semiconductor film 106 is easily caused because the second
oxide semiconductor film 106 is formed using the crystal
region in the first oxide semiconductor film 104 as a seed, and
dangling bonds at the interface are efficiently bonded.

Note that although the second oxide semiconductor film
106 is formed using the first oxide semiconductor film 104 as
a seed crystal in this embodiment, the first oxide semiconduc-
tor film 104 is not necessarily used as a seed crystal.

Next, the first oxide semiconductor film 104 and the second
oxide semiconductor film 106 are processed by a method
such as an etching method with the use of a photoresist mask,
whereby an oxide semiconductor layer 108 having a stacked-
layer structure of an island-shaped first oxide semiconductor
film 104a and an island-shaped second oxide semiconductor
film 106a is formed (see FIG. 2C).

As the etching method, either dry etching or wet etching
may be employed. It is needless to say that dry etching and
wet etching can be used in combination. The etching condi-
tions (e.g., an etching gas or an etchant, etching time, and
temperature) are set as appropriate depending on the material
so that the oxide semiconductor films can be etched into
desired shapes.

An example of an etching gas which can be used for dry
etching is a gas containing chlorine (a chlorine-based gas
such as chlorine (Cl,), boron trichloride (BCl,), silicon tet-
rachloride (SiCl,), or carbon tetrachloride (CCl,)). A gas
containing fluorine (a fluorine-based gas such as carbon tet-
rafluoride (CF,), sulfur hexafluoride (SFy), nitrogen trifluo-
ride (NF;), or triffuoromethane (CHF;)), hydrogen bromide
(HBr), oxygen (O,), any of these gases to which a rare gas
such as helium (He) or argon (Ar) is added, or the like may
also be used.

As an etchant which can be used for wet etching, a mixed
solution of phosphoric acid, acetic acid, and nitric acid; or an
ammonia hydrogen peroxide mixture (hydrogen peroxide
water of 31 wt %:ammonia water of 28 wt %:water=5:2:2)
can be used. An etchant such as ITO-07N (produced by
KANTO CHEMICAL CO., INC.) may also be used.

Then, a conductive layer 110 is formed to be in contact with
the second oxide semiconductor film 1064 (see FIG. 2D).

The conductive layer 110 can be formed by a PVD method
such as a sputtering method, or a CVD method such as a
plasma CVD method. The conductive layer 110 can be
formed using an element selected from aluminum, chro-
mium, copper, tantalum, titanium, molybdenum, and tung-
sten; an alloy containing any of these elements as a compo-
nent; or the like. Alternatively, the conductive layer 110 may
be formed using a material containing one or more of man-
ganese, magnesium, zirconium, and beryllium. Further alter-
natively, a material containing aluminum and one or more of
elements selected from titanium, tantalum, tungsten, molyb-
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denum, chromium, neodymium, and scandium may be used.
As another material of the conductive layer 110, a material
having a high barrier property, such as titanium nitride or
tantalum nitride, may be used. With the use of a material
having a high barrier property, such as a titanium nitride film
or a tantalum nitride film, in a portion which is in contact with
the second oxide semiconductor film 1064, entry of impuri-
ties into the second oxide semiconductor film 1064 can be
reduced and an adverse effect on transistor characteristics can
be prevented.

Alternatively, the conductive layer 110 may be formed
using a conductive metal oxide. As a conductive metal oxide,
indium oxide, tin oxide, zinc oxide, an indium tin oxide
(which may be abbreviated to ITO), an indium zinc oxide, or
any of these metal oxide materials containing silicon or sili-
con oxide can be used.

The conductive layer 110 preferably has a three-layer
structure in which a titanium layer, an aluminum layer, and a
titanium layer are stacked in this order. Alternatively, the
conductive layer 110 can have a two-layer structure of an
aluminum layer and a tungsten layer, a two-layer structure of
acopper layer and a tungsten layer, or a two-layer structure of
an aluminum layer and a molybdenum layer. It is needless to
say that the conductive layer 110 can have a single-layer
structure or a stacked-layer structure including four or more
layers. In this embodiment, a single-layer structure of a tita-
nium layer is applied. In the case of using a single-layer
structure of a titanium layer, a favorable tapered shape can be
obtained by etching to be performed later.

Next, the conductive layer 110 is selectively etched to form
a source electrode layer 110a and a drain electrode layer 1105
(see FIG. 2E). Note that in this specification, an electrode
formed on the left side is the source electrode layer 110a and
an electrode formed on the right side is the drain electrode
layer 1105 as illustrated in FI1G. 2E; however, the source and
drain electrodes can be reversed.

Ultraviolet light, KrF laser light, or ArF laser light is pref-
erably used for light exposure for forming a photoresist mask
for the etching. Particularly, in the case where light exposure
is performed for a channel length (L) ofless than 25 nm, light
exposure for forming the mask is preferably performed with
extreme ultraviolet light whose wavelength is several nanom-
eters to several tens of nanometers, which is extremely short.
In light exposure using extreme ultraviolet light, resolution is
high and depth of focus is large. Accordingly, the channel
length (L) of the transistor, which is completed later, can be
greater than or equal to 10 nm and less than or equal to 1000
nm (1 pum). By a decrease in channel length by such a method,
operation speed can be improved. In addition, an off-state
current of a transistor including the above-described oxide
semiconductor is extremely low; thus, an increase in power
consumption due to miniaturization of the transistor can be
suppressed.

The materials and etching conditions of the conductive
layer 110 and the second oxide semiconductor film 106a are
adjusted as appropriate so that the second oxide semiconduc-
tor film 1064 is not removed in etching ofthe conductive layer
110. Note that in some cases, the second oxide semiconductor
film 106a¢ is partly etched in this step and thus has a groove
portion (depressed portion) depending on the materials and
etching conditions.

Portions in contact with the source electrode layer 110a or
the drain electrode layer 1105 may be amorphous on side
surfaces of the first oxide semiconductor film 104a and the
second oxide semiconductor film 1064 in some cases.

Subsequently, a gate insulating layer 112 in contact with
the second oxide semiconductor film 106a is formed (see
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FIG. 3A). The gate insulating layer 112 can be formed by a
plasma CVD method, a sputtering method, or the like. The
gate insulating layer 112 is preferably formed using silicon
oxide, silicon oxynitride, silicon nitride oxide, aluminum
oxide, hafnium oxide, tantalum oxide, or the like. Note that
the gate insulating layer 112 may have a single-layer structure
or a stacked-layer structure. In the case of a stacked-layer
structure, any of the above materials is used for a layer in
contact with an oxide semiconductor and a silicon nitride film
can be stacked thereover. There is no particular limitation on
the thickness of the gate insulating layer 112; for example, the
gate insulating layer 112 can have a thickness of greater than
orequal to 10 nm and less than or equal to 500 nm, preferably
greater than or equal to 50 nm and less than or equal to 200
nm.

In this embodiment, a silicon oxide film is deposited by a
sputtering method in an oxygen atmosphere to form the gate
insulating layer 112. Oxygen can be supplied to a part of the
second oxide semiconductor film 1064 at the time of the
deposition of the gate insulating layer 112.

A high-density plasma apparatus which can achieve a
plasma density higher than or equal to 1x10'!/cm® may be
used to form the gate insulating layer 112 which is dense and
has high breakdown voltage and high-quality.

After that, third heat treatment may be performed in an
inert gas atmosphere or an oxygen atmosphere. The third heat
treatment is performed at a temperature higher than or equal
to 200° C. and lower than or equal to 450° C., preferably
higher than or equal to 250° C. and lower than or equal to 350°
C. For example, the heat treatment may be performed in an
atmosphere containing oxygen at 250° C. for one hour. By the
third heat treatment, oxygen is supplied to the second oxide
semiconductor film 106a, so that oxygen defects in the sec-
ond oxide semiconductor film 1064 can be filled.

Next, a gate electrode 114 is formed in a region overlap-
ping with the first oxide semiconductor film 104a and the
second oxide semiconductor film 1064 with the gate insulat-
ing layer 112 provided therebetween (see F1G. 3B). The gate
electrode 114 can be formed in such a manner that a conduc-
tive layer is formed over the gate insulating layer 112 and then
is selectively etched.

The above-described conductive layer can be formed by a
PVD method such as a sputtering method, or a CVD method
such as a plasma CVD method. The conductive layer can be
formed using an element selected from aluminum, chro-
mium, copper, tantalum, titanium, molybdenum, and tung-
sten; an alloy containing any of these elements as a compo-
nent; or the like. Alternatively, titanium nitride, tantalum
nitride, or the like, which is a nitride of any of the above-
described elements, may be used. A material containing one
ormore of manganese, magnesium, zirconium, and beryllium
may be used. Further alternatively, a material containing alu-
minum and one or more of elements selected from titanium,
tantalum, tungsten, molybdenum, chromium, neodymium,
and scandium may be used.

Then, a first interlayer insulating layer 116 is formed over
the gate insulating layer 112 and the gate electrode 114 (see
FIG. 3C). The first interlayer insulating layer 116 can be
formed by a plasma CVD method or the like. In this embodi-
ment, a silicon nitride film which is one of nitride insulating
layers obtained by a plasma CVD method is used.

Note that fourth heat treatment may be performed after the
first interlayer insulating layer 116 is formed. The fourth heat
treatment is performed in a nitrogen atmosphere at a tempera-
ture higher than or equal to 150° C. and lower than or equal to
450° C., preferably higher than or equal to 250° C. and lower
than or equal to 440° C. The atmosphere of the fourth heat
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treatment is not limited to a nitrogen atmosphere, and an
oxygen atmosphere, a rare gas atmosphere, or a dry air atmo-
sphere may be used. By the fourth heat treatment, impurities
contained in the first interlayer insulating layer 116, which
may adversely affect characteristics of the semiconductor
element, such as moisture, can be removed. Thus, electrical
characteristics and reliability of the semiconductor element
can be improved.

Through the above steps, the top-gate transistor 120
according to one embodiment of the disclosed invention can
be manufactured.

Note that a second interlayer insulating layer 118 may be
additionally formed over the first interlayer insulating layer
116 in order to planarize a top surface (see FIG. 3D). The
second interlayer insulating layer 118 is formed by a PVD
method, a CVD method, or the like using a material contain-
ing an inorganic insulating material such as silicon oxide,
silicon nitride oxide, silicon nitride, hafnium oxide, alumi-
num oxide, or tantalum oxide. Alternatively, an organic resin
such as polyimide, acrylic, benzocyclobutene, polyamide, or
epoxy can be used as a material of the interlayer insulating
layer which is used to planarize the top surface. Note that
although a stacked-layer structure of the first interlayer insu-
lating layer 116 and the second interlayer insulating layer 118
is used in this embodiment, one embodiment of the present
invention is not limited thereto. A single-layer structure or a
stacked-layer structure including three or more layers can
also be used.

The second interlayer insulating layer 118 is formed to
planarize the top surface, whereby an electrode, a wiring, or
the like can be favorably formed over the transistor 120.

The transistor 120 illustrated in FIG. 1B includes the oxide
semiconductor layer 108 having the first oxide semiconduc-
tor film 104a and the second oxide semiconductor film 1064,
which is formed over the substrate 100 with the insulating
layer 102 provided therebetween; the gate insulating layer
112 formed over the oxide semiconductor layer 108; the gate
electrode 114 formed in a region overlapping with the oxide
semiconductor layer 108 with the gate insulating layer 112
provided therebetween; and the pair of source and drain elec-
trode layers 110a and 11056, each of which is electrically
connected to the oxide semiconductor layer 108.

Although not illustrated, the source electrode layer 110a
and the drain electrode layer 1105 may be electrically led over
the second interlayer insulating layer 118 through a conduc-
tive wiring layer via a contact hole which is formed in a part
of the gate insulating layer 112, the first interlayer insulating
layer 116, and the second interlayer insulating layer 118.
Similarly, the gate electrode 114 may be electrically led over
the second interlayer insulating layer 118 through a conduc-
tive wiring layer via a contact hole which is formed in a part
of the first interlayer insulating layer 116 and the second
interlayer insulating layer 118.

In the first oxide semiconductor film 104a and the second
oxide semiconductor film 106a, the carrier concentration is
sufficiently low (e.g., lower than 1x10**/cm?, preferably
lower than 1.45x10'°/cm®) as compared with the carrier con-
centration of a general silicon wafer (approximately 1x10'%/
cm®). At drain voltage in the range from 1V to 10V, the
off-state current (current flowing between the source and the
drain when the gate-source voltage is OV or less) can be less
than or equal to 1x107"3 A; or the off-state current density (a
value obtained by dividing an off-state current by a channel
width of a transistor) can be less than or equal to 10 aA/um
(“a” represents “atto” and denotes a factor of 107®), prefer-
ably less than or equal to 1 aA/um, further preferably less than
or equal to 100 zA/um (“z” represents “zepto” and denotes a
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factor of 1072%); in the case where the channel length is 10 um
and the total thickness of the oxide semiconductor layer is 30
nm. Note that the resistance at the time when the transistor is
off (off-state resistance R) can be calculated using Ohm’s law
when the off-state current and the drain voltage are obtained.
Further, the off-state resistivity p can be calculated using the
formula p=RA/L (R is the off-state resistance), when a cross-
section area A of the channel formation region and the chan-
nel length L are obtained. The off-state resistivity is prefer-
ably higher than or equal to 1x10° Q-m (or higher than or
equal to 1x10'° Q-m). Here, the cross-section area A can be
calculated using the formula A=dW where d is a thickness of
the channel formation region and W is the channel width.

The off-state current of a transistor including amorphous
silicon is approximately 1072 A, whereas the off-state cur-
rent of a transistor including an oxide semiconductor is 10000
orless of that of the transistor including amorphous silicon. In
this manner, by using an oxide semiconductor having a wide
band gap and improved quality, the transistor 120 which has
extremely favorable off-state current characteristics can be
obtained.

A region serving as a channel region in the oxide semicon-
ductor layer preferably includes at least a flat surface. Further,
the first oxide semiconductor film and the second oxide semi-
conductor film are non-single-crystal films whose c-axes are
aligned in the same direction. Note that the difference in
height of the surface of the second oxide semiconductor film
is preferably 1 nm or less (further preferably 0.2 nm orless) in
a region overlapping with the gate electrode layer (the chan-
nel formation region).

Note that in the method for manufacturing the top-gate
transistor (oxide semiconductor element) described above,
the source electrode layer 110a and the drain electrode layer
1104 are formed in contact with an upper side of the second
oxide semiconductor film 1064 included in the oxide semi-
conductor layer 108; however, the source electrode layer
110a and the drain electrode layer 1105 may be formed in
contact with a lower side of the first oxide semiconductor film
104a.

This embodiment can be implemented in appropriate com-
bination with any of the structures described in the other
embodiments.

Embodiment 2

In this embodiment, a method for forming the oxide semi-
conductor layer 108, which is different from that described in
Embodiment 1, will be described with reference to FIGS. 4A
to 4C.
<Method for Forming Oxide Semiconductor Layer 108 in
Embodiment 2>

First, the insulating layer 102 is formed over the substrate
100, the first oxide semiconductor film 104 is deposited over
the insulating layer 102, and a region including at least a
surface of the first oxide semiconductor film 104 is crystal-
lized by the first heat treatment (see FIG. 4A). FIG. 4A
corresponds to FIG. 2A in Embodiment 1. Since the steps up
to here are similar to that of Embodiment 1, the description is
omitted here.

Next, impurity addition treatment 405 is performed on the
first oxide semiconductor film 104 (see FIG. 4B), so that a
region to which an impurity is added, which functions as the
second oxide semiconductor film 106, is formed in the first
oxide semiconductor film 104 from a surface (surface over
which the gate insulating layer 112 is formed in a later step)
(see FIG. 4C). Note that at least one of oxygen, boron, and
aluminum may be used as an impurity to be added.
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The impurity addition treatment 405 can be performed
with an ion doping apparatus or an ion-implantation appara-
tus. As a typical example of an ion doping apparatus, there is
anon-mass-separation type apparatus in which an objectto be
processed is irradiated with all kinds ofion species generated
by plasma excitation of a process gas. In this apparatus, the
object to be processed is irradiated with ion species of plasma
without mass separation. In contrast, an ion implantation
apparatus is a mass-separation-type apparatus. In an ion-
implantation apparatus, mass separation of ion species of
plasma is performed and the object to be processed is irradi-
ated with ion species having predetermined masses.

In this embodiment, as the impurity addition treatment
405, an example of irradiating the first oxide semiconductor
film 104 with an oxygen (O) gas using an ion doping appa-
ratus will be described.

In the case of using oxygen as a source gas, the second
oxide semiconductor film 106 may be formed in the first
oxide semiconductor film 104 by performing the impurity
addition treatment with acceleration voltage in the range from
10 kV to 100 kV, and the dose in the range from 1x10'°
ions/cm® to 1x10"7 ions/cm”.

Through the above steps, a stacked-layer structure of the
first oxide semiconductor film 104 and the second oxide
semiconductor film 106, which is similar to FIG. 2B in
Embodiment 1, is formed. Since the subsequent steps are
similar to those of Embodiment 1, the description is omitted
here.

Embodiment 3

In this embodiment, a method for forming the oxide semi-
conductor layer 108, which is different from that described in
Embodiment 1, will be described with reference to FIGS. 5A
to 5C.
<Method for Forming Oxide Semiconductor Layer 108 in
Embodiment 3>

First, the insulating layer 102 is formed over the substrate
100, the second oxide semiconductor film 106 is deposited
over the insulating layer 102, and the second oxide semicon-
ductor film 106 is crystallized by the second heat treatment
(see FIG. 5A). Note that deposition conditions, materials,
processing methods, and the like used for components
denoted by the same reference numerals as those in Embodi-
ment 1 are the same as those in Embodiment 1. Therefore,
description thereof is omitted here.

Next, the impurity addition treatment 505 is performed on
the second oxide semiconductor film 106 (see FIG. 5B), so
that a region to which an impurity is added, which functions
as the first oxide semiconductor film 104, is formed in the
second oxide semiconductor film 106 from a rear surface
(surface in contact with the insulating layer 102) (see FIG.
5C). Note that atleast one of nitrogen and phosphorus may be
used as an impurity to be added.

The impurity addition treatment 505 can be performed
with an ion doping apparatus or an ion-implantation appara-
tus. As a typical example of an ion doping apparatus, there is
anon-mass-separation type apparatus in which an objectto be
processed is irradiated with all kinds ofion species generated
by plasma excitation of a process gas. In this apparatus, the
object to be processed is irradiated with ion species of plasma
without mass separation. In contrast, an ion implantation
apparatus is a mass-separation-type apparatus. In an ion-
implantation apparatus, mass separation of ion species of
plasma is performed and the object to be processed is irradi-
ated with ion species having predetermined masses.
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In this embodiment, as the impurity addition treatment
505, an example of irradiating the second oxide semiconduc-
tor film 106 with a nitrogen (N) gas using an ion doping
apparatus will be described.

In the case of using nitrogen as a source gas, the first oxide
semiconductor film 104 may be formed in the second oxide
semiconductor film 106 by performing the impurity addition
treatment with acceleration voltage in the range from 10 kV to
100 kV, and the dose in the range from 1x10"° ions/cm® to
1x10*7 ions/cm?.

Note that since nitrogen is an inert gas, a gas atmosphere
and temperatures during ion irradiation are easily controlled;
thus, work efficiency and safety can be improved.

Through the above steps, a stacked-layer structure of the
first oxide semiconductor film 104 and the second oxide
semiconductor film 106 is formed. Since the subsequent steps
are similar to those of Embodiment 1, the description is
omitted here.

Embodiment 4

In this embodiment, an oxide semiconductor element
which is different from that described in Embodiment 1 and
manufacturing method thereof will be described with refer-
ence to FIGS. 6A and 6B and FIGS. 7A to 7C.
<Method for Manufacturing Oxide Semiconductor Element
in Embodiment 4>

FIGS. 6A and 6B are views illustrating a bottom-gate tran-
sistor 420 which is an example of a structure of a semicon-
ductor device manufactured by a method in this embodiment.
FIGS. 6A and 6B are a top view and a cross-sectional view of
the transistor 420, respectively. Note that some components
(the substrate 100, for example) are omitted in FIG. 6A to
avoid complication. Although a method for manufacturing an
n-channel transistor whose carriers are electrons will be
described as the transistor 420 in this embodiment, the tran-
sistor 420 is not limited to the n-channel transistor.

A method for manufacturing the transistor 420 will be
described below with reference to FIGS. 7A to 7C.

First, the insulating layer 102 is formed over the substrate
100, the gate electrode 114 is formed over the insulating layer
102, the gate insulating layer 112 is formed over the gate
electrode 114, and the source electrode layer 110a and the
drain electrode layer 1105 are formed over the gate insulating
layer 112 (see FIG. 7A). Note that deposition conditions,
materials, processing methods, and the like used for compo-
nents denoted by the same reference numerals as those in
Embodiment 1 are the same as those in Embodiment 1. There-
fore, description thereof is omitted here.

Next, the second oxide semiconductor film 106 described
in Embodiment 1 is deposited over the gate insulating layer
112, and a region including at least a surface of the second
oxide semiconductor film 106 is crystallized by the second
heat treatment. Then, the first oxide semiconductor film 104
described in Embodiment 1 is deposited and the first heat
treatment is performed. Further, the first oxide semiconductor
film 104 and the second oxide semiconductor film 106 are
patterned, so that the oxide semiconductor layer 108 includ-
ing the island-shaped first oxide semiconductor film 104a and
the island-shaped second oxide semiconductor film 1064 is
formed (see FIG. 7B). Note that deposition conditions, mate-
rials, processing methods, and the like used for components
denoted by the same reference numerals as those in Embodi-
ment 1 are the same as those in Embodiment 1. Therefore,
description thereof is omitted here.

Then, the first interlayer insulating layer 116 is formed
over the oxide semiconductor layer 108. In this manner, the

10

20

25

30

35

40

45

65

22

bottom-gate transistor 420 according to one embodiment of
the disclosed invention can be formed. In addition, as in
Embodiment 1, the second interlayer insulating layer 118
which is in contact with the first interlayer insulating layer
116 may be formed for planarization (see FI1G. 7C). Note that
deposition conditions, materials, processing methods, and the
like used for components denoted by the same reference
numerals as those in Embodiment 1 are the same as those in
Embodiment 1. Therefore, description thereof is omitted
here.

The transistor 420 illustrated in FIGS. 6A and 6B includes
the gate electrode 114 formed over the substrate 100 with the
insulating layer 102 provided therebetween; the gate insulat-
ing layer 112 formed over the gate electrode 114; the oxide
semiconductor layer 108 including the island-shaped first
oxide semiconductor film 104 and the island-shaped second
oxide semiconductor film 106a, which is formed over the gate
insulating layer 112; and the pair of source and drain elec-
trode layers 110a and 11056, each of which is electrically
connected to the oxide semiconductor layer 108.

Although not illustrated, the source electrode layer 110a
and the drain electrode layer 1105 may be electrically led over
the second interlayer insulating layer 118 through a conduc-
tive wiring layer via a contact hole which is formed in a part
of the first interlayer insulating layer 116 and the second
interlayer insulating layer 118. Similarly, the gate electrode
114 may be electrically led over the second interlayer insu-
lating layer 118 through a conductive wiring layer via a con-
tact hole which is formed in a part of the gate insulating layer
112, the first interlayer insulating layer 116, and the second
interlayer insulating layer 118.

In the first oxide semiconductor film 104a and the second
oxide semiconductor film 106a, the carrier concentration is
sufficiently low (e.g., lower than 1x10**/cm?, preferably
lower than 1.45x10'°/cm®) as compared with the carrier con-
centration of a general silicon wafer (approximately 1x10'%/
cm®). At drain voltage in the range from 1V to 10V, the
off-state current (current flowing between the source and the
drain when the gate-source voltage is OV or less) can be less
than or equal to 1x107"3 A; or the off-state current density (a
value obtained by dividing an off-state current by a channel
width of a transistor) can be less than or equal to 10 aA/um
(“a” represents “atto” and denotes a factor of 107®), prefer-
ably less than or equal to 1 aA/um, further preferably less than
or equal to 100 zA/um (“z” represents “zepto” and denotes a
factor of 10721); in the case where the channel length is 10 pm
and the total thickness of the oxide semiconductor layer is 30
nm. Note that the resistance at the time when the transistor is
off (off-state resistance R) can be calculated using Ohm’s law
when the off-state current and the drain voltage are obtained.
Further, the off-state resistivity p can be calculated using the
formula p=RA/L (R is the off-state resistance), when a cross-
section area A of the channel formation region and the chan-
nel length [ are obtained. The off-state resistivity is prefer-
ably higher than or equal to 1x10° Q-m (or higher than or
equal to 1x10'° Q-m). Here, the cross-section area A can be
calculated using the formula A=dW where d is a thickness of
the channel formation region and W is the channel width.

The off-state current of a transistor including amorphous
silicon is approximately 107'% A, whereas the off-state cur-
rent of a transistor including an oxide semiconductor is Y0000
orless of that of the transistor including amorphous silicon. In
this manner, by using an oxide semiconductor having a wide
band gap and improved quality, the transistor 420 which has
extremely favorable off-state current characteristics can be
obtained.
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Note that in the method for manufacturing the bottom-gate
transistor (oxide semiconductor element) described above,
the source electrode layer 110a and the drain electrode layer
1105 are formed in contact with a lower side of the second
oxide semiconductor film 106a; however, the source elec-
trode layer 110a and the drain electrode layer 1105 may be
formed in contact with an upper side of the first oxide semi-
conductor film 104a.

In this embodiment, since a step of patterning is not per-
formed after the oxide semiconductor layer 108 is formed, the
oxide semiconductor layer 108 is not damaged by etching
treatment and the like at the time of patterning.

This embodiment can be implemented in appropriate com-
bination with any of the structures described in the other
embodiments.

Embodiment 5

In this embodiment, an oxide semiconductor element
which is different from that described in Embodiment 1 and
manufacturing method thereof will be described with refer-
enceto FIGS. 8A and 8B, FIGS. 9A t0o 9D, and FIGS.10A and
10B.
<Method for Manufacturing Oxide Semiconductor Element
in Embodiment 5>

FIGS. 8A and 8B are views illustrating a transistor 720
which is an example of a structure of a semiconductor device
manufactured by a method in this embodiment. FIGS. 8 A and
8B are a top view and a cross-sectional view of the transistor
720, respectively. Note that some components (the substrate
100, for example) are omitted in FIG. 8A to avoid complica-
tion. Although a method for manufacturing an n-channel tran-
sistor whose carriers are electrons will be described as the
transistor 720 in this embodiment, the transistor 720 is not
limited to the n-channel transistor.

First, the insulating layer 102 is formed over the substrate
100, the first oxide semiconductor film 104 is deposited over
the insulating layer 102, and a region including at least a
surface of the first oxide semiconductor film 104 is crystal-
lized by the first heat treatment. Then, the second oxide semi-
conductor film 106 is deposited over the first oxide semicon-
ductor film 104, and the second oxide semiconductor film 106
is crystallized by the second heat treatment. The first oxide
semiconductor film 104 and the second oxide semiconductor
film 106 are processed by a method such as an etching method
with the use of a photoresist mask, whereby an oxide semi-
conductor layer 108 having a stacked-layer structure of an
island-shaped first oxide semiconductor film 104a and an
island-shaped second oxide semiconductor film 106a is
formed (see FIG. 9A). FIG. 9A corresponds to FIG. 2C in
Embodiment 1. Since the steps up to here are similar to that of
Embodiment 1, the description is omitted here.

Next, the gate insulating layer 112 is formed, and the gate
electrode 114 is formed in a region overlapping with the first
oxide semiconductor film 1044 and the second oxide semi-
conductor film 1064 with the gate insulating layer 112 pro-
vided therebetween (see FIG. 9B). Note that deposition con-
ditions, materials, processing methods, and the like used for
components denoted by the same reference numerals as those
in Embodiment 1 are the same as those in Embodiment 1.
Therefore, description thereof is omitted here.

After that, impurity addition treatment 705 is performed on
a region including the oxide semiconductor layer 108.
Accordingly, in the oxide semiconductor layer 108, an impu-
rity is added through the gate insulating layer 112 to a region
over which the gate electrode is not formed; thus, low-resis-
tance regions 707 are formed. Further, impurity addition is
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blocked by the gate electrode 114 in a region over which the
gate electrode is formed; thus, an oxide semiconductor layer
708 having a first oxide semiconductor film 704a whose side
surfaces are in contact with the low-resistance regions and a
second oxide semiconductor film 706a whose side surfaces
are in contact with the low-resistance regions is formed (see
FIG. 9C). Note that at least one element selected from rare
gases such as argon (Ar), krypton (Kr), and xenon (Xe); and
Group 15 elements such as nitrogen (N), phosphorus (P),
arsenic (As), and antimony (Sb) may be used as an impurity
to be added.

The impurity addition treatment can be performed with an
ion doping apparatus or an ion-implantation apparatus. As a
typical example of an ion doping apparatus, there is a non-
mass-separation type apparatus in which an object to be pro-
cessed is irradiated with all kinds of'ion species generated by
plasma excitation of a process gas. In this apparatus, the
object to be processed is irradiated with ion species of plasma
without mass separation. In contrast, an ion implantation
apparatus is a mass-separation-type apparatus. In an ion-
implantation apparatus, mass separation of ion species of
plasma is performed and the object to be processed is irradi-
ated with ion species having predetermined masses.

In this embodiment, as the impurity addition treatment, an
example of irradiating a region including a portion where the
oxide semiconductor layer 708 is to be formed, with an argon
(Ar) gas using an ion doping apparatus will be described.

In the case of using argon as a source gas, the low-resis-
tance regions 707 are formed by performing irradiation with
acceleration voltage in the range from 0.1 kV to 100 kV and
the dose in the range from 1x10'* ions/cm? to 1x10'7 ions/
cm?. Resistivity of each of the pair of the low-resistance
regions 707 is preferably higher than or equal to 1x10™* Q-cm
and lower than or equal to 3 Q-cm, further preferably higher
than or equal to 1x10 Q-cm and lower than or equal to 3x10™*
Q-cm. Further, the oxide semiconductor layer 708 having the
first oxide semiconductor film 704a whose side surfaces are
in contact with the low-resistance regions and the second
oxide semiconductor film 7064 whose side surfaces are in
contact with the low-resistance regions is formed under the
gate electrode 114 in a self-aligned manner.

As described above, by performing the impurity addition
treatment 705, the low-resistance regions 707 and the oxide
semiconductor layer 708 are formed from one film (i.e., a
stacked film of the first oxide semiconductor film 104a and
the second oxide semiconductor film 1064) in a self-aligned
manner. Thus, an interface between the low-resistance
regions 707 and the gate insulating layer 112, and an interface
between the oxide semiconductor layer 708 and the gate
insulating layer 112 are coplanar.

The lower limit of the resistivity of each of the pair of the
low-resistance regions 707 is a possible lower limit which can
be obtained by impurity addition performed with an ion dop-
ing apparatus or the like. The lower limit may be further
lowered with the development of apparatus technology. Fur-
ther, when resistivity of each of the pair of the low-resistance
regions 707 is within the above range, resistance between the
channel formation region and the source and drain electrode
layers 110a and 1105 which are formed in a later step can be
reduced. Accordingly, a reduction in on-state current, which
occurs between the source electrode layer 1104 and the chan-
nel region and between the drain electrode layer 1105 and the
channel region, can be suppressed. Thus, an oxide semicon-
ductor element having a high on-off ratio can be provided.

Note that since argon is an inert gas, a gas atmosphere and
temperatures during ion irradiation are easily controlled;
thus, work efficiency and safety can be improved.
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Then, by a method such as an etching method with the use
of'a photoresist mask, opening portions 709 are formed in the
gate insulating layer 112 which is formed over the low-resis-
tance regions 707 (see FI1G. 9D).

As the etching method, either dry etching or wet etching
may be employed. It is needless to say that dry etching and
wet etching can be used in combination. The etching condi-
tions (e.g., an etching gas or an etchant, etching time, and
temperature) are set as appropriate depending on the material
so that the oxide semiconductor films can be etched into
desired shapes.

An example of an etching gas which can be used for dry
etching is a gas containing chlorine (a chlorine-based gas
such as chlorine (Cl,), boron trichloride (BCl,), silicon tet-
rachloride (SiCl,), or carbon tetrachloride (CCl,)). A gas
containing fluorine (a fluorine-based gas such as carbon tet-
rafluoride (CF,), sulfur hexafluoride (SFy), nitrogen trifluo-
ride (NF;), or triffuoromethane (CHF;)), hydrogen bromide
(HBr), oxygen (O,), any of these gases to which a rare gas
such as helium (He) or argon (Ar) is added, or the like may
also be used.

As an etchant which can be used for wet etching, a mixed
solution of phosphoric acid, acetic acid, and nitric acid; or an
ammonia hydrogen peroxide mixture (hydrogen peroxide
water of 31 wt %:ammonia water of 28 wt %:water=5:2:2)
can be used. An etchant such as ITO-07N (produced by
KANTO CHEMICAL CO., INC.) may also be used.

Next, aconductive layer is deposited and selectively etched
to form a source electrode layer 110a and a drain electrode
layer 1105 (see FIG. 10A). Thus, the source electrode layer
110a and the drain electrode layer 1105 are formed so as to be
in contact with the low-resistance regions 707. In this speci-
fication, an electrode formed on the left side is the source
electrode layer 1104 and an electrode formed on the right side
is the drain electrode layer 1105 as illustrated in FIG. 10A;
however, the source and drain electrodes can be reversed.
Note that deposition conditions, materials, processing meth-
ods, and the like used for components denoted by the same
reference numerals as those in Embodiment 1 are the same as
those in Embodiment 1. Therefore, description thereof is
omitted here.

Then, the first interlayer insulating layer 116 is formed
over the source electrode layer 110a, the drain electrode layer
1104, the gate insulating layer 112, and the gate electrode
114. Through the above steps, the transistor 720 according to
one embodiment of the disclosed invention can be manufac-
tured. The second interlayer insulating layer 118 may be
additionally formed over the first interlayer insulating layer
116 in order to planarize a top surface (see FIG. 10B). Note
that deposition conditions, materials, processing methods,
and the like used for components denoted by the same refer-
ence numerals as those in Embodiment 1 are the same as those
in Embodiment 1. Therefore, description thereof is omitted
here.

The transistor 720 illustrated in FIG. 8B includes the oxide
semiconductor layer 708 having the first oxide semiconduc-
tor film 704a and the second oxide semiconductor film 7064,
which is formed over the substrate 100 with the insulating
layer 102 provided therebetween; the low-resistance regions
707 each of which is in contact with a side surface of the oxide
semiconductor layer 708; the gate insulating layer 112
formed over the oxide semiconductor layer 708 and the low-
resistance regions 707; the gate electrode 114 formed in a
region overlapping with the oxide semiconductor layer 708
with the gate insulating layer 112 provided therebetween; and
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the pair of source and drain electrode layers 110a and 1105,
each of which is electrically connected to the low-resistance
regions 707.

Although not illustrated, the source electrode layer 110a,
the drain electrode layer 1105, and the gate electrode 114 may
be electrically led over the second interlayer insulating layer
118 through a conductive wiring layer via a contact hole
which is formed in a part of the first interlayer insulating layer
116 and the second interlayer insulating layer 118.

In the first oxide semiconductor film 704a and the second
oxide semiconductor film 706a, the carrier concentration is
sufficiently low (e.g., lower than 1x10**/cm?, preferably
lower than 1.45x10'°/cm®) as compared with the carrier con-
centration of a general silicon wafer (approximately 1x10'%/
cm®). At drain voltage in the range from 1V to 10V, the
off-state current (current flowing between the source and the
drain when the gate-source voltage is OV or less) can be less
than or equal to 1x107"3 A; or the off-state current density (a
value obtained by dividing an off-state current by a channel
width of a transistor) can be less than or equal to 10 aA/um
(“a” represents “atto” and denotes a factor of 107%), prefer-
ably less than or equal to 1 aA/um, further preferably less than
or equal to 100 zA/um (“z” represents “zepto” and denotes a
factor of 1072"); in the case where the channel length is 10 um
and the total thickness of the oxide semiconductor layer is 30
nm. Note that the resistance at the time when the transistor is
off (off-state resistance R) can be calculated using Ohm’s law
when the off-state current and the drain voltage are obtained.
Further, the off-state resistivity p can be calculated using the
formula p=RAIL (R is the off-state resistance), when a cross-
section area A of the channel formation region and the chan-
nel length [ are obtained. The off-state resistivity is prefer-
ably higher than or equal to 1x10° Q-m (or higher than or
equal to 1x10'° Q-m). Here, the cross-section area A can be
calculated using the formula A=dW where d is a thickness of
the channel formation region and W is the channel width.

The off-state current of a transistor including amorphous
silicon is approximately 1072 A, whereas the off-state cur-
rent of a transistor including an oxide semiconductor is Y0000
orless of that of the transistor including amorphous silicon. In
this manner, by using an oxide semiconductor having a wide
band gap and improved quality, the transistor 720 which has
extremely favorable off-state current characteristics can be
obtained.

Note that although in this embodiment, the first oxide
semiconductor film 104 and the second oxide semiconductor
film 106 are formed using the same material, the first oxide
semiconductor film 104 and the second oxide semiconductor
film 106 may be formed using different materials. In the case
where the first oxide semiconductor film 104 and the second
oxide semiconductor film 106 are formed using different
materials (i.e., in the case of heteroepitaxial growth), for
example, the first oxide semiconductor film 104 can be
formed using In—7n—O which is a two-component metal
oxide, and the second oxide semiconductor film 106 can be
formed using In—Ga—Z7n—0 which is a three-component
metal oxide.

A region serving as a channel region in the oxide semicon-
ductor layer preferably includes at least a flat surface. Note
that the difference in height of the surface of the second oxide
semiconductor film is preferably 1 nm or less (further pref-
erably 0.2 nm or less) in a region overlapping with the gate
electrode layer (the channel formation region).

According to this embodiment, a channel region is formed
in a region with less dangling bonds, which is in the first oxide
semiconductor film 704q and is in the vicinity of an interface
with the second oxide semiconductor film 706a. Thus, an
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oxide semiconductor element having high mobility, in which
the threshold voltage is not changed by light irradiation can be
provided.

Further, in this embodiment, resistance between the chan-
nel formation region and the source and drain electrode layers
110a and 1105 can be reduced. Accordingly, a reduction in
on-state current, which occurs between the source electrode
layer 110a and the channel region and between the drain
electrode layer 1105 and the channel region, can be sup-
pressed. Thus, an oxide semiconductor element having a high
on-off ratio can be provided.

This embodiment can be implemented in appropriate com-
bination with any of the structures described in the other
embodiments.

Embodiment 6

An oxide semiconductor element disclosed in this specifi-
cation can be applied to a variety of electronic devices (in-
cluding game machines). Examples of the electronic devices
are a television device, a monitor of a computer or the like, a
camera such as a digital camera or a digital video camera, a
digital photo frame, a mobile phone (also referred to as a
cellular phone or a cellular phone device), a portable game
console, a portable information terminal, an audio reproduc-
ing device, a large-sized game machine such as a pachinko
machine, and the like. Examples of electronic devices includ-
ing the oxide semiconductor elements described in the above
embodiments will be described with reference to FIGS. 11A
to 11C.

FIG. 11A illustrates a portable information terminal, which
includes a housing 1001, a housing 1002, a first display por-
tion 10034, a second display portion 10035, and the like. The
first display portion 1003a and the second display portion
10035 each function as a panel having a touch-input function,
and an input method can be selected using selection buttons
1004 displayed on the first display portion 10034, as illus-
trated in a left part of FIG. 11A, for example. Since the
selection buttons with a variety of sizes can be displayed, the
portable information terminal can be easily used by people of
any generation. In the case where “keyboard input” is
selected, for example, a keyboard 1005 is displayed on the
first display portion 1003a as illustrated in a right part of FIG.
11A. With the keyboard 1005, letters can be input quickly by
keyboard input as in the case of using a conventional infor-
mation terminal, for example.

In the portable information terminal illustrated in FIG.
11A, the housing 1001 provided with the first display portion
1003 ¢ and the housing 1002 provided with the second display
portion 10035 can be separated as in the right part of FIG.
11A. Thus, the portable information terminal can be used as a
lighter portable information terminal by detaching one of the
housing 1001 and the housing 1002 as necessary.

The portable information terminal illustrated in FIG. 11A
can have a function of displaying a variety of kinds of infor-
mation (e.g., a still image, a moving image, and a text image),
afunction of displaying a calendar, a date, the time, or the like
on the display portion, a function of operating or editing the
information displayed on the display portion, a function of
controlling processing by a variety of kinds of software (pro-
grams), and the like. Further, an external connection terminal
(an earphone terminal, a USB terminal, or the like), a record-
ing medium insertion portion, and the like may be provided
on the back surface or the side surface of the housing.

The portable information terminal illustrated in FIG. 11A
may transmit and receive data wirelessly. Through wireless
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communication, desired book data or the like can be pur-
chased and downloaded from an electronic book server.

Further, the housing 1002 illustrated in FIG. 11A may be
equipped with an antenna, a microphone function, or a wire-
less communication function to be used as a mobile phone.

FIG. 11B illustrates one mode of an image display device.
The image display device illustrated in FIG. 11B includes a
display portion 1101 having a touch-input function, which
functions as a window glass. The image display device
including the oxide semiconductor element disclosed in this
specification can have a sufficient visible light transmittance
(e.g., avisible light transmittance of 50% or higher) so that a
view in the outside can be seen through the image display
device. Thus, for example, although the display portion 1101
functions as a window glass in a normal state as in a left part
of FIG. 11B, necessary data can be displayed on the display
portion 1101 as illustrated in a right part of FIG. 11B by
touching a surface of the display portion 1101.

Further, the display portion 1101 may have a mechanism
which transmit and receive data wirelessly. For example, a
sound with stable volume can be evenly emitted in the fol-
lowing manner: a piezoelectric oscillator 1102 is provided for
the display portion 1101; a sound signal is transmitted to the
piezoelectric oscillator 1102 from a wireless mechanism pro-
vided for the display portion 1101; the sound signal is
received by a wireless mechanism provided in the piezoelec-
tric oscillator 1102; and the display portion 1101 is oscillated.

FIG. 11C illustrates one mode of a goggle-type display
(head mounted display). The goggle-type display illustrated
in FIG. 11C includes a main body portion 1201 provided with
apanel 12024 for a left eye, a panel 12025 for a right eye, and
an image display button 1203. The panel 1202a for a left eye
and the panel 12025 for a right eye including the oxide semi-
conductor elements disclosed in this specification have a suf-
ficient visible light transmittance (e.g., a visible light trans-
mittance of 50% or higher) so that a view in the outside can be
seen through the panels. Thus, in anormal state, a user can see
a surrounding view similarly to general glasses as illustrated
in a lower left part of FIG. 11C. When a user needs data, the
image display button 1203 is pressed in order that data is
displayed on one or both of the panel 1202a for a left eye and
the panel 12025 for a right eye, as illustrated in a lower right
part of FIG. 11C.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

This application is based on Japanese Patent Application
serial no. 2011-009745 filed with Japan Patent Office on Jan.
20, 2011, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A semiconductor device comprising:

a gate electrode on an insulating surface;

a gate insulating layer over the gate electrode; and

an oxide semiconductor layer over the gate insulating

layer,

wherein the gate electrode and the oxide semiconductor

layer overlap with each other with the gate insulating
layer between the gate electrode and the oxide semicon-
ductor layer,

wherein the oxide semiconductor layer has a stacked-layer

structure comprising a first oxide semiconductor film
and a second oxide semiconductor film,

wherein the second oxide semiconductor film is between

the gate insulating layer and the first oxide semiconduc-
tor film,



US 9,337,347 B2

29

wherein a value of a band gap of the first oxide semicon-
ductor film is smaller than a value of a band gap of the
second oxide semiconductor film, and

wherein the value of a band gap of the second oxide semi-

conductor film is larger by 0.2 eV or more than the value
of'a band gap of the first oxide semiconductor film.

2. The semiconductor device according to claim 1,

wherein the first oxide semiconductor film is crystallized in

the thickness direction 3 nm or more from an interface
between the first oxide semiconductor film and the sec-
ond oxide semiconductor film, and

wherein the second oxide semiconductor film is crystal-

lized in the thickness direction 3 nm or more from the
interface.

3. The semiconductor device according to claim 1, wherein
the first oxide semiconductor film contains at least nitrogen or
phosphorus.

4. The semiconductor device according to claim 1, wherein
the second oxide semiconductor film contains at least boron
or aluminum.

5. The semiconductor device according to claim 1, wherein
a conduction band level of the first oxide semiconductor film
is lower than a conduction band level of the second oxide
semiconductor film.

6. An electronic device comprising the semiconductor
device according to claim 1.

7. A semiconductor device comprising:

a gate electrode on an insulating surface;

a gate insulating layer over the gate electrode; and

an oxide semiconductor layer over the gate insulating

layer,

wherein the gate electrode and the oxide semiconductor

layer overlap with each other with the gate insulating
layer between the gate electrode and the oxide semicon-
ductor layer,

wherein the oxide semiconductor layer has a stacked-layer

structure comprising a first oxide semiconductor film
and a second oxide semiconductor film,

wherein the second oxide semiconductor film is between

the gate insulating layer and the first oxide semiconduc-
tor film, and

wherein a value of a band gap of the first oxide semicon-

ductor film is smaller than a value of a band gap of the
second oxide semiconductor film,

wherein a conduction band level of the first oxide semicon-

ductor film is lower than a conduction band level of the
second oxide semiconductor film.
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8. The semiconductor device according to claim 7, wherein
the oxide semiconductor layer comprises Ga.

9. The semiconductor device according to claim 7, wherein
the first oxide semiconductor film contains at least nitrogen or
phosphorus.

10. The semiconductor device according to claim 7,
wherein the second oxide semiconductor film contains at
least boron or aluminum.

11. The semiconductor device according to claim 7,
wherein the oxide semiconductor layer comprises In and Zn.

12. An electronic device comprising the semiconductor
device according to claim 7.

13. A semiconductor device comprising:

a gate electrode on an insulating surface;

a gate insulating layer over the gate electrode; and

an oxide semiconductor layer over the gate insulating

layer,

wherein the gate electrode and the oxide semiconductor

layer overlap with each other with the gate insulating
layer between the gate electrode and the oxide semicon-
ductor layer,

wherein the oxide semiconductor layer has a stacked-layer

structure comprising a first oxide semiconductor film
and a second oxide semiconductor film,

wherein the second oxide semiconductor film is between

the gate insulating layer and the first oxide semiconduc-
tor film, and

wherein a value of a band gap of the first oxide semicon-

ductor film is smaller than a value of a band gap of the
second oxide semiconductor film,
wherein each of the first oxide semiconductor film and the
second oxide semiconductor film comprises In, Ga, and
Zn, and

wherein a ratio of In:Ga:Zn of the first oxide semiconduc-
tor film is different from a ratio of In:Ga:Zn of the
second oxide semiconductor film.

14. An electronic device comprising the semiconductor
device according to claim 13.

15. The semiconductor device according to claim 13,
wherein the first oxide semiconductor film contains at least
nitrogen or phosphorus.

16. The semiconductor device according to claim 13,
wherein the second oxide semiconductor film contains at
least boron or aluminum.
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